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(54) Proportional solenoid valve 

(57) In a small-sized and low-cost proportional so- 
lenoid valve capable of controlling bidirectional fluid 
flows, a core 2 Is fixed in a pipe 1 . A hollow shaft 3 de- 
fining a valve seat 4 and having valve holes 5 is axially 
fixed in the core 2. A hollow cylindrical valve element 6 
is axially movable and uses the shaft 3 as a guide. The 
element 6 is actuated by a spring 7 and by a plunger 8, 
to open and close the valve holes 5. Outside the pipe 1 , 
a solenoid coil 10 is provided for driving the plunger 8. 
The pipe 1 forms a body, and the valve component parts 
arranged within the pipe 1 . The operation of the hollow 
cylindrical valve element 6 is not adversely affected by 
the direction of the fluid flow This allows to control bidi- 
rectional fluid flows. 
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Description 

[0001] This invention relates to a proportional sole- 
noid valve according to the preamble part of claim 1 . 
[0002] A known proportional solenoid vatve compris- 
es a valve section for opening and closing a fluid pas- 
sage through a valve seat by a valve element arranged 
at one side of the valve seat, and a solenoid section for 
actuating the valve element to and/or away from the 
valve seat. The component parts of the valve section 
and the solenoid section are formed or mounted in a 
body formed by machining a block body. The valve sec- 
tion has two bored ports, the valve seat integrally formed 
with the body between the two ports, and the valve ele- 
ment. The solenoid section includes a solenoid coil, a 
core fixedly arranged on the same axis as the valve el- 
ement and the valve seat, and an axially moveable 
plunger to actuate the valve element. A spring is ar- 
ranged between the plunger and the valve element and 
urges the plunger away from the core. Since the valve 
element is arranged upstream or downstream of the 
valve seat with respect to a given fluid flow direction, 
any fluid pressure applied to the valve element acts ei- 
ther in the valve closing or the valve opening direction. 
The resulting characteristic of the valve lift in relation to 
the curve of the solenoid force varies in dependence 
from the fluid flow direction. For this reason, the propor- 
tional solenoid valve is given a directional property re- 
lated to the fluid flow direction, i.e. the valve has to be 
designed in adaptation to the fluid flow direction. The 
body in the form of a block with the two ports, and the 
mounted component parts of the valve section, and the 
solenoid section for opening and closing the valve ele- 
ment of the valve section, need an undesirably in- 
creased size of the entire proportional solenoid valve. If 
this proportional solenoid valve is employed for an ap- 
plication where the direction of the fluid flow may be re- 
versed, two parallel pairs of a proportional solenoid 
valve and a check valve are required to cope with both 
fluid flow directions. This even causes a further in- 
creased size of the proportional solenoid valve. 
[0003] It is an object of the present invention to pro- 
vide a small-sized and low-cost proportional solenoid 
valve which is capable of controlling bidirectional fluid 
flows, i.e. of controlling fluid flows with at least substan- 
tially the same valve operation characteristics irrespec- 
tive of the fluid flow direction through the valve. 
[0004] Since the pipe through which the fluid flows is 
used as the valve body, and the core used for opening 
and closing the valve, the shaft formed with the valve 
holes, the hollow cylindrical valve element, the spring, 
and the plunger, all are arranged within the pipe, it is 
possible to reduce the number of component parts and 
the overall valve size, which contributes to a reduction 
of manufacturing costs Including machining costs and 
material costs. Since the hollow cylindrical valve ele- 
ment opens and closes the laterally extending valve 
holes formed in the shaft, fluid flow does not load the 
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hollow cylindrical valve element by pressure forces nei- 
ther in the valve opening direction nor in the valve clos- 
ing direction, (pressure compensated valve element). 
This allows to control bidirectional fluid flows essentially 

5 in the same manner. As the operation of the hollow cy- 
lindrical valve element is not adversely affected by axial 
fluid pressure influences, the proportional solenoid 
valve is capable of controlling flow rates of bidirectional 
fluid flows. This allows to widely use the proportional so- 

10 lenoid valve in various systems. When the hollow cylin- 
drical valve element is of non-magnetic material, it is 
easily possible to prevent dirt or of magnetic materials 
from to deposit on the valve element. This improves the 
sealability and durability of the proportional solenoid 

15 valve. 

[0005] In case that springs are used which load the 
hollow cylindrical valve element in both axial directions, 
the valve opening operation can be initiated with small 
electric current, while simultaneously the communica- 
te tion between the opposite ends of the pipe is maintained 
reliably. 

[0006] Embodiments of the present invention will be 
described with reference to drawings. In the drawings is: 

25 Rg. 1 a cross-sectional view of a first embodiment 
of a proportional solenoid valve in a non-en- 
ergized state, 

Fig. 2 a cross-sectional view of the solenoid valve 
30 of Fig. 1 in an energized state, 

Fig. 3 a graph of a current valve-lift characteristic, 

Fig. 4 a graph of a current-lift characteristic of a 
35 conventional proportional solenoid valve, 

FIG. 5 a diagram of a refrigeration cycle for cooling 
only, 

40 Fig. 6 a diagram explaining a refrigeration cycle for 
selectively cooling and heating, 

Fig. 7 a cross-sectional view of a second embodi- 
ment of a proportional solenoid valve, 

45 

Fig. 8 a cross-sectional view of the proportional so- 
lenoid valve of Fig. 7 in an energized state, 

Fig. 9 a cross-sectional view of the proportional so- 
50 lenoid valve of Fig. 8 in a non-energized 

state. 

Fig. 1 0 a plan view of the proportional solenoid valve 
of Figs 8, 9, 

55 

Fig. 11 a cross-sectional view of a fourth embodi- 
ment of a proportional solenoid valve, in a 
non-energized state, 
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Fig. 12 a cross-sectional view of the Fig. 11 propor- 
tional solenoid valve in a position rotated 
about the axis by 90°, 

Fig. 1 3 a cross-sectional view of the proportional so- 
lenoid valve of Fig. 11 , in an energized state. 

Fig. 14 a cross-sectional view of the Fig. 13 propor- 
tional solenoid valve in a position rotated by 
90° , 

Fig. 15 a perspective view of the proportional sole- 
noid valve of Fig. 11 in the non-energized 
state, 

Fig. 16 a sectional view taken on line A-Aof Fig. 15, 

Fig. 17 a perspective view of the proportional sole- 
noid valve of Fig. 10 in the energized state, 

Fig. 1 8 a sectional view taken on line B-B of Fig. 1 7, 

Fig. 1 9 a cross-sectional view of a fifth embodiment 
of a proportional solenoid valve, 

Fig. 20 a cross-sectional view of a sixth embodiment 
of a proportional solenoid valve in a non-en- 
ergized state, 

Fig. 21 a perspective view of the proportional sole- 
noid valve of Fig. 20 in the non-energized 
state, 

Fig. 22 a cross-sectional view of the proportional so- 
lenoid valve of Fig. 20 in an energized state, 

Fig. 23 a perspective view of the proportional sole- 
noid valve of Fig. 20 in the energized state, 

Fig. 24 a graph of the ratio between an outer-diamet- 
ric cross-sectional area of an end of a hollow 
cylindrical valve element and plunger and a 
spring constant, and 

Fig. 25 a diagram of the current-lift characteristic of 
the proportional solenoid valve of Fig. 20. 

[0007] The proportional solenoid valve of Figs 1 and 
2 has a body formed by a straight hollow cylindrical pipe 

1 both ends of which are open. Within the pipe 1 , there 
is arranged a hollow cylindrical core 2 formed there- 
through with a fluid passage extending axially. The core 

2 is axially secured in the pipe 1 at a first axial position 
e.g. by press-fitting, preferably additively by crimping 
the pipe into a circumferential groove of the core 2. 
[0008] A hollow shaft 3 is arranged in the fluid pas- 
sage of the core 2. The hollow shaft 3 has one end there- 
of e.g. press-fitted at a second axial position in the fluid 
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passage of the core 2, particularly in a stepped inner 
bore 2b of the core 2. The stepped bore 2b defines a 
mounting facility for the shaft 3, such that the second 
axial position of the shaft 3 selectively may be varied in 

s relation to the to the first axial position to adjust the de- 
sired valve lift amount, when mounting the shaft in the 
core. The shaft 3 has at the other end an integrally 
formed conicaiiy tapered vaive seat 4, the diameter of 
which increasing toward the extremity of the other shaft 

10 end. The shaft 3 has a plurality of lateral valve holes 5 
distributed over the circumference adjacent to the valve 
seat 4. 

On the outer peripheral surface of a portion of the shaft 
close to the valve holes 5 a circumferential communica- 

*5 tion groove 5a is formed. 

[0009] A hollow, sleeve-like cylindrical valve element 
6 of a non-magnetic material is arranged between the 
core 2 and the valve seat 4. It is axially movable using 
the shaft 3 as a guide. Where the shaft 3 guides the hol- 

20 low cylindrical valve element 6 a plurality of circumfer- 
ential sealing grooves 3a is formed e.g. in the sliding 
surface. A spring 7 between the hollow cylindrical valve 
element 6 and the core 2 urges the hollow cylindrical 
valve element 6 in the axial direction to the valve seat 

25 4. A hollow cylindrical plunger 8 is fixedly fitted on the 
hollow cylindrical valve element 6 to perform axial mo- 
tion together with the valve element 6. The plunger 8 
has an outer diameter such that a predetermined radial 
gap remains between the inner wall of the pipe 1 and 

30 the plunger 8, so that equal fluid pressures act at both 
axial essentially equally dimensioned end faces of the 
plunger 8. 

[0010] The core 2 and the plunger 8 have respective 
tapered end faces 2a, 8a opposed to each other with 

35 identical slope gradients to improve linearity of attraction 
characteristics in case of an applied electric current. The 
end face 2a of the core 2 carries a conical washer 9 of 
non-magnetic material to suppress attraction of the 
plunger 8 to the core 2 by residual magnetism when the 

40 demagnetized end face 8a of the plunger 8 is in contact 
with the washer 9. 

[0011] Fitted on the outer peripheral surface of the 
pipe 1 is a bobbin 11 carrying a solenoid coil 10. The 
bobbin 1 1 is surrounded by a first yoke 1 2 wh ich has an 
45 upper end portion thereof mounted on the pipe 1 to cov- 
er the outside of the bobbin 1 1 . The lower end of the first 
yoke 12 is closed by a second yoke 13 to form a contin- 
uous magnetic circuit. 

[0012] The pipe 1 has both ends open which are 
so formed e.g., by drawing processes, to fit to the diame- 
ters of mating pipes to which the pipe 1 is to be welded 
for e.g. integrating the proportional solenoid valve in a 
piping system. 

[0013] In the magnetic circuit the core 2 functions as 
55 a fixed iron core and the plunger 8 as a movable iron 
core. 

[001 4] In the non-energized state, the hollow cylindri- 
cal valve element 6 and the plunger 8 are moved by the 
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spring 7until the hollow cylindrical valve element 6 is 
seated on the valve seat 4. The valve holes 5 and the 
communication groove 5a are closed, whereby the fluid 
passage is blocked. Fluid may be present in the interior 
of the shaft 3, but cannot reach the lower open end of 
the pipe 1 . If fluid flows into the pipe 1 via the lower open 
end, the fluid flows through the gap between the pipe 1 
and the plunger 8 and into a space 14 between the end 
face 2a of the core 2 and the end face 8a of the plunger 
8. This causes equal fluid pressures to act at both ends 
of the plunger 8 and of the hollow cylindrical valve ele- 
ment 6. This pressure compensated state prevents ad- 
verse effects for the valve opening/closing operations 
by the pressure of the fluid. This also allows to maintain 
the valve closed only by the spring 7. 
[0015] Upon energization with maximum current, the 
plunger 8 is attracted toward the core 2 against the force 
of the spring 7 (fig. 2). The end face 8a of the plunger 8 
contacts the washer 9. The hollow cylindrical valve ele- 
ment 6 moves together with the plunger 8 to gradually 
open the valve holes 5 and the communication groove 
5a and to allow communication between both open ends 
of the pipe 1 . When fluid flows into the pipe 1 from the 
upper open end in the figure, the fluid passes through 
the fluid passage in the shaft 3 to enter the communica- 
tion groove 5a via the valve holes 5. After filling the 
whole communication groove 5a, the fluid flows toward 
the lower open end of the pipe via a space between the 
conical tapered valve seat 4 and the end face of the hol- 
low cylindrical valve element 6. Similarly, when fluid en- 
ters via the lower open end as the fluid enters the com- 
munication groove 5a via the space between the conical 
tapered valve seat 4 and the end face of the hollow cy- 
lindrical valve element 6. Then, the fluid enters the fluid 
passage in the shaft 3 via the valve holes 5 and flows 
toward the upper open end of the pipe 1 . 
[0016] When the value of electric current supplied to 
the solenoid coil 10 is changed, the plunger 8 stops at 
a certain axial position, namely when the attractive force 
of the core 2 and the urging force of the spring 7 are 
balanced, depending on the current value. This allows 
to set a desired valve lift amount corresponding to the 
chosen current value. 

[0017] The opening degree of the valve holes 5 and 
that of the communication groove 5a or the maximum 
valve lift amount in the fully energized state may be se- 
lected by changing the second axial position of the 
press-fitting of the shaft 3 in the cored 2. 
The shaft 3 is press-inserted into the fluid passage of 
the core 2 and is secured to the inner wall of the core. 
By selecting the second axial position of the shaft 3 it is 
possible to adjust the flow rate characteristics in the ful- 
ly-opened state of the proportional solenoid valve upon 
demand. The valve lift can be varied continuously be- 
tween the closed state and the pre-adjusted maximum 
lift amount according to the value of electric current sup- 
plied. 

[001 8] In Figs 3 and 4, the respective abscissa repre- 
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sents the magnitude of electric current supplied to the 
solenoid coil. The ordinate represents the amount of the 
valve lift. The variation of the valve lift amount with in- 
creasing electric current is indicated by a respective sol- 
5 id line, while the variation of the valve lift amount with 
decreasing electric current is indicated by a dotted line. 
[001 9] When the proportional solenoid valve is not en- 
ergized, the end face 8a of the piunger 8 remains com- 
pletely separated from the washer 9 on the end face 2a 
of the core 2, (Fig. 1). As the current value is progres- 
sively increased, the end face 8a gradually approaches 
the washer 9. As soon as a predetermined current value 
is reached, the end face 8a is in contact with the washer 
9 (Fig. 2). If the current value then is progressively de- 
creased, the end face 8a gradually moves away from 
the washer 9. When current has ceased, the end face 
8a again is completely separated from the washer 9. 
[0020] The ratio between the current and the valve lift 
amount in case of a progressive current increase to the 
predetermined value, is shown in Fig. 3 by an S-shaped 
solid line curve. In case of a progressive current de- 
crease from the current predetermined value, the ratio 
between current and valve lift amount is represented by 
a dotted line S-shaped curve. Both curves are different, 
because a hysteresis exists. In Fig. 4, conventional pro- 
portional solenoid valves also show current-lift charac- 
teristic with hysteresis. 

[0021] In the proportional solenoid valve of the inven- 
tion, however, the maximum hysteresis error is marked- 
ly reduced in comparison to prior art, because the pres- 
sures acting on both axial plunger ends are equal. The 
movement of the plunger 8 is not adversely affected by 
fluid pressure influences. Moreover, the sliding contact 
area between the hollow cylindrical valve element 6 and 
the shaft 3 is small such that influences of friction as well 
are greatly reduced. 

[0022] The proportional solenoid valve can be utilized 
e.g. as an electrically controlled expansion valve for ad- 
iabatically expanding refrigerant within a refrigeration 
cycle used in an air conditioning system (Fig. 5) for cool- 
ing an automotive vehicle. Gaseous refrigerant com- 
pressed by a compressor 20 is condensed by heat ex- 
change with outside air in a condenser 21 . The resulting 
liquid refrigerant passes the proportional solenoid valve 
22 functioning as an expansion valve, and is adiabati- 
cally expanded into low-temperature and tow-pressure 
refrigerant, supplied to an evaporator 23 to exchange 
heat with air within a vehicle compartment, whereby the 
air is cooled. The refrigerant evaporated in the evapo- 
rator 23 is delivered to an accumulator 24 to be sepa- 
rated into gas and liquid. The gaseous refrigerant then 
returns to the compressor 20. 
[0023] The proportional solenoid valve as well can be 
used in a refrigeration cycle (Fig. 6) for selectively cool- 
ing or heating (heating based on the heat pump princi- 
ple). The valve characteristic is of advantage for bidirec- 
tional flows of refrigerant. 

[0024] For cooling, gaseous refrigerant compressed 
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by a compressor 30 is guided to an outdoor heat ex- 
changer 32 operating as a condenser, via a solid line 
path in a four-way valve 31 and is condensed by the 
outdoor heat exchanger 32. The resulting liquid refrig- 
erant is delivered to the proportional solenoid valve 33 
which functions as the expansion valve to adiabatically 
expand the refrigerant. The expanded refrigerant is sup- 
plied to an indoor heat exchanger 34 operating as an 
evaporator, to exchange heat with air in a vehicle com- 
partment. The refrigerant then flows via another solid 
line path in the four-way valve 31 into an accumulator 
35, where it is separated into gas and liquid. The gase- 
ous refrigerant returns to the compressor 30. 
[0025] For heating, high-temperature and high-pres- 
sure gaseous refrigerant compressed by the compres- 
sor 30 is guided via the four-way valve 31 now switched 
to open a dotted line path to the indoor heat exchanger 
34 to exchange heat with air in the vehicle compartment 
and to heat the air. The liquid refrigerant formed by con- 
densation in the indoor heat exchanger 34 then is adia- 
batically expanded by the proportional solenoid valve 33 
and is delivered for evaporation to the outdoor heat ex- 
changer 32, before it is delivered to the accumulator 35 
via another dotted line path in the four-way valve 31 . 
[0026] As described above, from whichever of the 
open both ends of the pipe 1 a fluid may enter the valves, 
the proportional solenoid valve of the invention controls 
the flow rate the same way. Therefore, it is possible to 
use the proportional solenoid valve either in the unidi- 
rectional refrigeration cycle designed for cooling alone, 
or in the refrigeration cycle for both cooling and heating 
operations, in which the refrigerant flow direction has to 
be reversed. 

[0027] The proportional solenoid valve of Figs 7, 8 has 
a T-shaped pipe 101 body formed by a hollow cylindrical 
first pipe 101a with both ends open, and a second pipe 
101b joined e.g. perpendicularly to the first pipe 101a. 
A core 1 02 is fixedly fitted in the first pipe 1 01 a at a first 
axial position, e.g. defined by the pipe end in a manner 
closing this end of the first pipe 101a. 
[0028] Within the core 102, there is arranged a shaft 
1 03 which extends axially in the first pipe 101a, with one 
end thereof fitted in the core 1 02, The shaft 1 03 is axially 
fixed in the pipe 101a and/or in the core 1 02 at a second 
axial position. The shaft 103 has peripheral circumfer- 
ential sealing grooves 103a. 
[0029] A tapered valve seat 104 and a fixed portion 
1 04a are integrally provided at the other shaft end. At a 
location between a small diameter shaft portion and the 
valve seat 104 lateral valve holes 105 drilled communi- 
cating with an axial fluid passage in a big diameter shaft 
portion 104. A circumferential communication groove 
105a is formed in the shaft 103 at the location of the 
valve holes 1 05. The shaft portion 1 04a is a large diam- 
eter hollow cylinder, e.g. is fixed in the first pipe 101a 
with the shaft portion 104a in intimate contact with the 
inner wall surface of the first pipe 1 01 a. The axial fixation 
of the shaft 103 in the pipe results from a press-fit, pref- 
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erabfy assisted by crimping the pipe wall into a circum- 
ferential groove of the shaft 103. The second axial po- 
sition may be selected in relation to the first axial posi- 
tion of the core 1 02 to adjust the value lift amount, prior 

5 to fixing the shaft 1 03 in the pipe 101. 

[0030] The hollow cylindrical valve element 6 of non- 
magnetic material is axially movable arranged between 
the core 1 02 and the vafve seat i 04, using the shaft 1 03 
as a guide. Spring 7 is arranged between the hollow cy- 

10 lindrical valve element 6 and the core 102. The spring 
7 urges the valve element 6 towards a tapered valve 
seat 1 04. The hollow cylindrical plunger 8 is fixedly fitted 
on the outside of the valve element 6, such that a pre- 
determined gap remains between the inner wall of the 

f 5 first pipe 101a and the plunger 8. Tapered end faces 8a, 
102a of the plunger 8 and of the core 102 face each 
other and have identical slope gradients. The end face 
1 02a of the core 1 02 carries the conical washer 9 of non- 
magnetic material. One open end of the first pipe 101a 

20 js drawn inwardly to fit, e.g. for welding, to the diameter 
of a mating pipe. 

[0031] Without current the valve element 6 and the 
plunger 8 are moved downward in Fig. 7 by the spring 
7, and the valve element 6 is seated on the valve seat 

25 104. The valve holes 105 and the communication 
groove 105a are closed by the inner wall of the valve 
element 6. The fluid passage is blocked. Fluid entering 
via the lower open end of the first pipe 101a reaches the 
valve holes 105, but is prevented from reaching the 

30 open end of the second pipe 1 01 b. Fluid entering via the 
open end of the second pipe 101b is introduced via a 
gap between the first pipe 101a and the plunger 8 into 
a space 1 4 between the end faces 8a, 1 02a. Then equal 
fluid pressures act on both axial ends of the plunger 8 

35 and the valve element 6. This prevents that valve open- 
ing/closing operations will be adversely affected by fluid 
pressures. The valve is maintained closed by the urging 
force of the spring 7 only. 

[0032] With maximum current (Fig. 8) supplied to the 
40 solenoid coil 1 0, the plunger 8 is attracted counter to the 
force of the spring 7 toward the core 1 02. The end face 
8a contacts the washer 9. The valve element 6 moves 
together with the plunger 8. The valve holes 1 05 and the 
communication groove 105a will be fully opened. The 
45 open ends of the pipes 101a, 101b communicate with 
each other via the valve holes 1 05 and the communica- 
tion groove 1 05a. Consequently, bidirectional fluid flows 
are allowed. When the current value is changed, the 
plunger 8 and the hollow cylindrical valve element 6 are 
so controlled into a valve lifting position dependent on the 
selected current value. 

[0033] Prior to joining the open ends of the pipes 
101a, 101b to mating pipes, e.g. by welding, the bobbin 
1 1 carrying the solenoid coll 1 0, and the first and second 
55 yokes 1 2 and 1 3, may be removed or moved away from 
the welding location, to avoid negative effects for those 
components from the heat generated by the welding 
process. The solenoid coil 1 0 and other components al- 
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so do not interfere with pipe welding work. This improves 
workability in mounting the proportional solenoid valve 
and avoids adverse affects, such as distortion, caused 
by welding heat. 

[0034] In Figs. 9, 10 a piping joint 200 (a connector 
piece) adapted to receive a mating pipe is mounted on 
each open end of the pipe 201 of the proportional sole- 
noid valve designed as in Fig, i . 
[0035] The piping joint 200 formed with a generally 
oval shape is fitted on the open end of the pipe 201 . The 
pipe 201 has an end 201 a the diameter of which is ex- 
panded after the piping joint 200 is threaded on the pipe 
201 . The piping joint 200 has a through hole 200a for a 
fixing bolt. 

[0036] For connecting the proportional solenoid valve 
with the piping joint 200 to a mating pipe, an identical 
piping joint is fitted on the mating pipe. Both piping joints 
are brought to each other with an O-ring in-between. 
They are fixed to each other by a bolt extending through 
both through holes and a fastening nut. 
[0037] The pipe connection with O-rings enhances 
durability against vibration, compared with a pipe con- 
nection by welding. Particularly, the proportional sole- 
noid valve can be used at locations where violent vibra- 
tion occur, such as in an automotive vehicle. 
[0038] Instead, a single piping joint may be fitted only 
on either of the open pipe ends. One or two piping joints 
as well can be fitted on the open ends of the T-shaped 
pipe body of Fig. 7. 

[0039] The proportional solenoid valve of Figs 11-18 
has a hollow shaft 303 in a fluid passage extending 
through the core 2 fixed in a pipe 1. One shaft end is 
fitted in the fluid passage in the core 2. The other shaft 
end is integrally formed with a solid stopper 304 having 
a flange projecting radially outwardly from the whole pe- 
riphery of the shaft. The shaft 303 has e.g. two valve 
holes 305 laterally drilled adjacent to the stopper 304, 
and a peripheral circumferential communication groove 
305a at the location of the valve holes 305. 
[0040] A hollow cylindrical valve element 306 of non- 
magnetic material is axially moveably arranged on the 
shaft 303. A hollow cylindrical plunger 8 is fixedly fitted 
on the valve element 306. One end of the valve element 
306 has e.g. two window-like cutout portions 306a (Fig. 
15). Without current this one extreme end of the valve 
element 306 is in contact with the flange of the stopper 
304 and fully closes the valve holes 305 and the com- 
munication groove 305a. With current supplied the cut- 
out portions 306a communicate with the communication 
groove 305a and control the flow. In short, the cutout 
portions 306a of the hollow cylindrical valve element 306 
and the communication groove 305a of the shaft 303 
form a flow rate or flow amount regulating mechanism 
similar to a spool valve. 

[0041] Without current (Figs 15 and 16) the extreme 
end of the valve element 306 is in contact with the flange 
of the stopper 304. Each cutout portion 306a is posi- 
tioned above a portion of the periphery into which the 
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communication groove 305a does not extend. The valve 
holes 305 and the communication groove 305a are cov- 
ered and fully closed by the inner wall of the valve ele- 
ment 306. 

5 [0042] With current supplied, the valve element 306 
and the plunger 8 move to the core 2 (Figs 1 7 and 1 8). 
Now, whereby each of cutout portion 306a partially form 
an overlap with the communication groove 305a. Both 
ends of the pipe 1 communicate with each other via the 

10 cutout portion 306a, the communication groove 305a 
and the valve holes 305. 

[0043] This embodiment is particularly useful for con- 
trolling the flow rate of a high-pressure working fluid. The 
proportional solenoid valve is applicable as an expan- 
15 sion valve to a refrigeration system containing high pres- 
sure carbon dioxide as the refrigerant. The proportional 
solenoid valves of Figs 1-4, 7-11 are useful for refriger- 
ation systems containing a low pressure alternative 
fluorocarbon (HFC-134a) as the refrigerant. 
20 [0044] In case of high fluid pressure, e.g. high refrig- 
erant pressure, the pressure drop between the commu- 
nication groove and across the gap between the end 
face of the valve element and the tapered valve seat 
and the region at the other side of the gap is increased 
25 to increase the velocity of the refrigerant flow. This could 
generate a negative pressure around a flow of the re- 
frigerant having passed through the space. The nega- 
tive pressure would act on the end face of the hollow 
cylindrical valve element which could be drawn toward 
30 the tapered valve seat. Particularly, in case of a small 
valve lift amount (valve opened a little), the velocity of 
the refrigerant flow would be high, and hence the force 
attracting the valve element would become large, and 
could cause difficulties to properly control the valve lift. 
35 However, when refrigerant flows in the other "safe" di- 
rection through the gap toward the communication 
groove and the valve holes, no such attractive force is 
generated. This means that each of the proportional so- 
lenoid valves of Figs 1-4, 7-11 can be applied without 
40 problems to a refrigerating system which operates with 
unidirectional flow of refrigerant only namely in the 
"safe" direction, even if the cooling system contains a 
high pressure refrigerant. 

[0045] The hollow cylindrical valve element 306 
45 formed with cutout portions 306a could also be used in 
the T-shaped pipe 101. 

[0046] The hollow cylindrical valve element does not 
need to be of non-magnetic material. For example, in a 
case where strainers are arranged at both ends of the 

so proportional solenoid valve or within a system contain- 
ing the proportional solenoid valve, such that dirt can be 
removed from magnetic elements, or can be hindered 
from reaching them, the hollow cylindrical valve element 
can as well be made from a magnetic material. A valve 

55 element of a magnetic material then can be integrally 
formed with the plunger. 

[0047] Fig. 19 shows a case in which e.g. the hollow 
cylindrical valve element 306 of the proportional sole- 



EP1 316 750 A1 



6 



11 EP 1 316 750 A1 12 



noid valve of Fig. 1 2 is integrally formed with the plunger 
B, both forming a unitary valve element/plunger unit 400. 
The unit 400 (plunger 400a, element 400b) shown in Fig. 
19 is guided axially by shaft 303. Between the plunger 
400a and the inner wall of the pipe 1 a predetermined 
radial gap is maintained. Without current, the unit 400 
is moved downward by the spring 7. With current sup- 
plied, the unit 400 is attracted toward the core 2 counter 
to the force of the spring 7. When the current value is 
changed, the unit 400 will stop at an axia! position de- 
pending on the current value when the attractive force 
of the core 2 and the force of the spring 7 are balanced. 
The construction for the unit 400 can also be applied to 
the proportional solenoid valves of Figs 1-4, 7-18. 
[0048] The proportional solenoid valve of Figs 20-23 
has a hollow cylindrical valve element 500b and a plung- 
er 500d which are integrated into a hollow cylindrical 
one-piece unit 500, axially movably guided by a shaft 
503. The shaft 503 defines an axial fluid passage. One 
shaft end is fitted into the fluid passage of the core 2. A 
closing portion 504 closing the axially extending fluid 
passage is integrally formed with the other end of the 
shaft 503. Valve holes 505 are drilled adjacent to the 
closing portion 504. At the location of the valve holes 
505 a circumferential communication groove 505a is 
formed in the shaft 503. An e.g. pot-shaped strainer 
515a fitted in the inner wall of the pipe 1 opposed to the 
closing portion 504. A further strainer 515b is fitted on 
the core 2. 

Both strainers prevent dirt from entering the central por- 
tion of the valve. A second spring 51 6 urges the unit 500 
toward the core 2. The second spring 516 utilizes the 
strainer 51 5a as a spring seat. The spring prevents that 
the unit 500 from sliding off the shaft 503. The hollow 
cylindrical unit 500 has its end operating as the valve 
element 500b with a reduced thickness wall or tube 
thickness. In this end of the hollow cylindrical unit 500 
at least one circumferentially extending elongated slot 
500a is formed. 

[0049] Without current, both springs 7, 516 are bal- 
anced. The slot 500a then is positioned on the outer pe- 
ripheral surface of the closing portion 504. The valve 
holes 505 and the communication groove 505a are cov- 
ered and fully closed by the inner wall of the hollow cy- 
lindrical unit 500. 

[0050] With current supplied, the hollow cylindrical 
unit 500 is moved toward the core 2. The slot 500a now 
partially is overlapped with the communication groove 
505a. Both ends of the pipe 1 communicate via the slot 
500a, the communication groove 505a, and the valve 
holes 505 with each other. 

[0051 ] In case of a high pressure fluid, negative pres- 
sure is generated around a flow of the fluid having 
passed through the slot 500a via the communication 
groove 505a. An attractive force Is generated which 
tends to attract the unit 500 toward the end of the closing 
portion 504. This attractive force is the stronger the larg- 
er the area of the inner surface of the slot 500a is, which 



surface area is pressure-active in the axial direction. 
Since, however, the end of the hollow cylindrical unit 500 
is formed with thin radial thickness the mentioned area 
of the inner surface of the slot 500a is very small as well. 
5 This significantly suppresses the influence of the attrac- 
tive axial force. 

[0052] Furthermore, here the respective spring con- 
stants of the springs 7, 516 may be increased to make 
the unit 500 less movable, effectively act against the in- 
to fluence of the attractive force which tends to attract the 
unit 500 toward the end of the closing portion 504. Thus, 
by setting the respective spring constants of the first and 
second springs 7 and 51 6 properly in relation to the size 
of the hollow cylindrical unit 500, it is possible to prevent 

15 that the communication groove 505a and the valve 
holes 505 will be closed by the attraction of the unit 500 
toward the end of the closing portion 504. 
[0053] The graph of Fig. 24 represents the relation- 
ship between the outer-diametric cross-sectional area 

20 (jn other words, the area of the circle which makes an 
outer diameter a diameter) of the end (the valve element 
500b) of the unit 500 and the spring constant. The ab- 
scissa represents values of the outer-diametric cross- 
sectional area of the end of the unit 500 which is pro- 

25 portional to the end area of the unit 500. The ordinate 
represents values of the sum of the spring constants of 
the springs 7, 516. A plotted line represents a plurality 
of points which are substantially free of the influence of 
the attractive force of the fluid. This line indicates that 

30 the ratio between the spring constant and the outer-di- 
ametric cross-sectional area of the hollow cylindrical 
unit 500 should be about 0.05. More specifically, when 
the ratio of the spring constant of the springs 7, 516 to 
the outer-diametric cross-sectional area of the hollow 

35 cylindrical unit 500 becomes equal to or largerthan 0.05, 
the unit 500 is made less movable by an increase of the 
spring constant, so that the attractive force of fluid which 
passes through the slot 500a via the communication 
groove 505a can be practically Ignored. On the other 

40 hand, when the ratio of the spring constant to the outer- 
diametric cross-sectional area is smaller than 0.05, the 
unit 500 is more easily movable, and hence is affected 
by the attractive force of the fluid. Therefore, by setting 
the ratio between the spring constant of the springs 7, 

45 516 and the outer-diametric cross-sectional area of the 
unit 500 to 0.05 or more, it is possible to positively pre- 
vent the hollow cylindrical valve element and plunger 
500 from being moved by the attractive force of the fluid. 
[0054] In Fig. 25 the abscissa represents electric cur- 

50 rent values supplied to the solenoid coil 10. The ordinate 
represents valve lift amounts of the unit 500 toward the 
core 2. Changes of the lift amounts occurring with in- 
creasing electric current are schematically represented 
by a solid line. For comparison, the current-lift charac- 

55 teristic of a proportional solenoid valve having a single 
spring is schematically shown by a dotted line. 
[0055] The proportional solenoid valve of Figs 20-23 
has the two springs 7, 516. Without current, the com- 
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munication groove 505a and the valve holes 505 are 
closed by the valve element 500b of the hollow cylindri- 
cal unit 500, while both springs 7, 516 are balanced 
(closed state). 

[0056] Upon energization in this closed state, the unit 
500 immediately moves toward the core 2. Actually, 
however, since there occurs friction between the unit 
500 and the shaft 503, unit 500 starts moving toward the 
core 2 only after the electric current supplied to the coil 
10 exceeds a predetermined threshold value. Com- 
pared with the other valve types each containing the sin- 
gle spring 7 only, there the valve element and plunger 
require an attracting magnetic force which overcomes 
both the friction and the force of the spring 7 to start 
moving. This means that the proportional solenoid valve 
of Figs 20-23 is capable of starting the movement of the 
hollow cylindrical unit 500 with a comparative lower val- 
ue of the supplied electric current, because one spring 
is acting in the direction of the attraction force. 
[0057] The piping joints 200 of Fig. Scan also be used 
for the other embodiments. 

[0058] Since the component parts for opening and 
closing the valve are arranged within the pipe, it is pos- 
sible to reduce the number of component parts and the 
size of the proportional solenoid valve, which contrib- 
utes to reduction of manufacturing costs including ma- 
chining costs and material costs. As the operation of the 
hollow cylindrical valve element is not adversely affect- 
ed by axial fluid pressure influences, the proportional 
solenoid valve is capable of controlling a flow rate of bi- 
directional fluid flows. This allows to widely use the pro- 
portional solenoid valve in various systems. When the 
hollow cylindrical vatve element is of non-magnetic ma- 
terial, it is easily possible to prevent dirt of magnetic ma- 
terials to deposit on the valve element. This improves 
the sealability and durability of the proportional solenoid 
valve. 

[0059] In case that springs are used which load the 
hollow cylindrical valve element in both axial directions, 
the valve opening operation can be initiated with small 
electric current and while simultaneously the communi- 
cation between the opposite ends of the pipe is main- 
tained reliably. 



Claims 



valve holes (5, 305, 505, 1 05) opening to a cir- 
cumference of the shaft such that the valve 
holes communicate with a fluid passage ex- 
tending axialty of the pipe; 
5 a hollow cylindrical valve element (6, 306, 

400b, 500b) arranged axially movable using the 
shaft as an axial guide so as to open and close 
the valve holes; 

at least a first spring (7) arranged between the 
10 core (2, 102) and the hollow cylindrical valve 

element (6, 306, 400b, 500b), for urging the hol- 
low cylindrical valve element in an axial direc- 
tion away from the core (2, 102); 
a hollow cylindrical plunger (8, 400a, 500d) fix- 
's edly provided on the hollow cylindrical valve el- 
ement; and 

a solenoid coil (10) circumferentially provided 
on an outside of the pipe for displacing the 
valve element by means of the plunger in axial 
20 direction toward the core. 

2. The proportional solenoid valve according to claim 
1, characterized in that the pipe (1, 201) is a 
straight pipe, and that the fluid passage within the 
25 shaft, which communicates with the valve holes, ex- 
tends to a core-side extreme end of the shaft and 
further communicates with a passage formed 
through the core axially thereof. 

30 3. The proportional solenoid valve according to claim 
1, characterized In that the pipe (101) is a T- 
shaped body formed by joining a second pipe 
(101b) e.g. perpendicularly to a straight first pipe 
(101a), the first pipe (101a) having one end thereof 

35 closed by the core (1 02), and the fluid passage with- 
in the shaft (103), which communicates with the 
valve holes (105), extending to an extreme end of 
the another end (1 04) of the shaft, an outer periph- 
eral surface of the shaft close to the extreme end of 

40 the another end being in intimate contact with an 
inner wall surface of the first pipe (1 01 a). 

4. The proportional solenoid valve according to claim 
3, characterized In that at least the solenoid coil 
45 (10) is removably provided on the first pipe (101a) 
and the core (102). 



1 . A proportional solenoid valve for changing a valve 
lift continuously according to a value of an electric 
current supplied to a solenoid coil, 
characterized by: 

a core (2, 1 02) fixed at a first axial position in a 
hollow cylindrical pipe (1, 201, 101); 
a partially hollow shaft (3, 1 03, 303, 503) having 
one end thereof fixed either in the core or in the 
pipe at a second axial position of the pipe and 
another end thereof provided with a plurality of 



5. The proportional solenoid valve according to claim 
1 , characterized in that the shaft (3, 1 03, 303, 503) 
50 has a circumferential communication groove (5a, 
105a, 305a, 505a) in an outer peripheral surface of 
a shaft portion formed with the valve holes (5, 105, 
305, 505). 

55 6. The proportional solenoid valve according to claim 
1, characterized In that a portion of the shaft (3, 
1 03) with which the hollow cylindrical valve element 
(6) is brought into abutment by the force of the first 
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spring (7) is of conically formed shape to provide a 
tapered valve seat (4,104). 

7. The proportional solenoid valve according to claim 
1 , characterized In that a portion of the shaft (303) 
with which the hollow cylindrical valve element 
(306, 400b) is brought into abutment by the force of 
the first spring (7) is formed as a flange (304) pro- 
jecting radially outward. 

8. The proportional solenoid valve according to claim 
7, characterized in that the hollow cylindrical valve 
element (306) has a plurality of cutout portions 
(306a) formed in a flange-side end thereof, the cut- 
out portions (306a) fully closing the valve holes 

(305) when the hollow cylindrical valve element 

(306) is in contact with the flange (304), and open 
communication with the valve holes (305) when the 
hollow cylindrical valve element (306) is moved to- 
ward the core (2) by energization of the solenoid 
coil (10). 

9. The proportional solenoid valve according to claim 

I , characterized by a second spring (51 6) for urg- 
ing the hollow cylindrical valve element (500) and 
the plunger counter to the first spring (7) toward the 
core (2). 

10. The proportional solenoid valve according to claim 
9, characterized in that the hollow cylindrical valve 
element (500b) is formed with a circumferentially 
elongated slot (500a) to fully close the valve holes 
(505) by the valve element (500b) when the first 
spring (7) and the second spring (51 6) are balanced 
with each other, and that the slot (500a)communi- 
cates with the valve holes when the hollow cylindri- 
cal valve element is moved toward the core (2) by 
energization of the solenoid coil (10). 

11. The proportional solenoid valve according to claim 
9, characterized In that the hollow cylindrical valve 
element (500b) has an end portion thereof formed 
to have a reduced radial thickness, the end portion 
including a portion formed with the slot (500a). 

12. The proportional solenoid valve according to claim 

II , characterized in that a ratio between a sum of 
the spring constants of the first and second springs 
(7, 516) and an outer-diametric cross-sectional ar- 
ea of a vatve seat-side end portion of the hollow cy- 
lindrical valve element (500b) is equal to or larger 
than 0.05. 

13. The proportional solenoid valve according to claim 
1 , characterized In that the plunger (8) has an out- 
er diameter which produces a predetermined gap 
between an inner wall of the pipe (1 ) and the plunger 
(8). 
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14. The proportional solenoid valve according to claim 
1, characterized In that the core (2,102) and the 
plunger (8) have respective end faces (2a, 8a, 
102a) opposed to each other, the end faces being 

5 tapered conical surfaces sloped with identical gra- 
dients. 

15. The proportionaj solenoid valve according io claim 
1 , characterized in that the hollow cylindrical valve 

10 element (6, 306) is made of a non-magnetic mate- 
rial. 

16. The proportional solenoid valve according to claim 
1, characterized In that the shaft (3, 303) has at 

is least one circumferential groove (3a) in a sliding 
guide surface, on which sliding guide surface the 
hollow cylindrical valve element (6) slides. 

17. The proportional solenoid valve according to claim 
20 1 , characterized In that the pipe (1 ) has open ends 

thereof each drawn in a manner adapted to a diam- 
eter of a mating pipe for welding. 

18. The proportional solenoid valve according to claim 
25 1 , characterized In that the hollow cylindrical valve 

element (400b, 500b) is integrally formed with the 
plunger (400a, 500d) into a one-piece unit (400, 
500). 

30 19. The proportional solenoid valve according to claim 
1 , characterized in that the shaft (3) is fixed to the 
core (2) by press-fitting, and a flow characteristic of 
the valve is adjusted by selecting the second axial 
position prior to establishing the press-fitting. 

35 

20. The proportional solenoid valve according to claim 
1 , characterized in that the pipe (201) has piping 
joints (200) attached to open ends thereof. 

40 21. The proportional solenoid vatve according to claim 
1 , characterized In that the core (2) is axially se- 
cured in the pipe (1) at a first axial position, prefer- 
ably by press-fitting, preferably with additional 
crimping the pipe wall into a positioning circumfer- 

45 ential groove of the core (2), that the shaft (3) is ax- 
ially secured in the core (2) at a second axial posi- 
tion, preferably by a press-fitting, and that the sec- 
ond axial position of the shaft (3) is selectable in 
relation to the first axial position prior to establishing 

so the press-fitting to selectively adjust the nominal 
maximum valve element lift amount. 

22. The proportional solenoid valve according to claim 
1, characterized In that the core (102) is axially 
55 secured in said pipe (1 01a) at a first axial position, 
preferably by press-fitting, preferably at a stop at a 
pipe end, that the shaft (103) is axially secured in 
the pipe (101a) at a second axial position, prefera- 
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bly by a press-fitting, preferably with additional 
crimping the pipe wall, and that the second axial po- 
sition of the shaft is selectable in relation to the first 
axial position by said press-fitting in order to selec- 
tively adjust the nominal maximal valve etement lift 
amount. 
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